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HIGHLIGHTS 


•  TBPP  suppresses  the  electron  recombination  that  leads  to  the  increase  in  ]sc. 

•  The  TBPP  additive  also  causes  to  accumulation  of  electrons  in  the  CB  of  TiCb. 

•  The  TBPP  additive  shifts  the  CB  that  leads  to  significantly  improvement  in  V„c. 

•  This  simple  modification  can  significantly  improve  the  performance  of  DSSCs. 
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In  this  study,  we  report  the  influence  of  a  phosphate  additive  on  the  performance  of  dye-sensitized  solar 
cells  (DSSCs)  based  on  2-cyano-3-(4-(diphenylamino)phenyl)acrylic  acid  (TPA)  as  sensitizer.  The  DSSCs 
are  fabricated  by  incorporating  tributyl  phosphate  (TBPP)  as  an  additive  in  the  electrolyte  and  is  attained 
an  efficiency  of  about  3.03%  under  standard  air  mass  1.5  global  (AM  1.5G)  simulated  sunlight,  corre¬ 
sponding  to  35%  efficiency  increment  compare  to  the  standard  liquid  electrolyte.  An  improvement  in 
both  open  circuit  voltage  (VoC)  and  short  circuit  current  (/sc)  obtains  by  adjusting  the  concentration  of 
TBPP  in  the  electrolyte,  which  attributes  to  enlarge  energy  difference  between  the  Fermi  level  (EF)  of  Ti02 
and  the  redox  potential  of  electrolyte  and  suppression  of  charge  recombination  from  the  conduction 
band  (CB)  of  Ti02  to  the  oxidized  ions  in  the  redox  electrolyte.  Electrochemical  impedance  analyses  (EIS) 
reveals  a  dramatic  increase  in  charge  transfer  resistance  at  the  dyed-Ti02/electrolyte  interface  and  the 
electron  density  in  the  CB  of  Ti02  that  the  more  prominent  photoelectric  conversion  efficiency  (rj) 
improvement  with  TBPP  additive  results  by  the  efficient  inhibition  of  recombination  processes.  This 
striking  result  leads  to  use  a  family  of  electron  donor  groups  in  many  compounds  as  highly  efficient 
additive. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Dye-sensitized  solar  cells  (DSSCs)  have  been  extensively  studied 
in  many  dissertations  because  of  their  simplicity,  low  cost 
manufacturing  and  relatively  high  energy  conversion  efficiency 
obtained  at  diffuse  light  intensities  [1—3].  Since  O’Regan  and  Grat- 
zel’s  pioneering  report  in  1991  [4],  the  efficiency  slowly  progressed 
over  the  years  toward  above  14%  in  2013  [5],  Nowadays,  many 
studies  are  focused  on  the  dyes  and  electrolytes  that  form  the  key 
components  of  a  DSSC  [6—11],  The  relatively  high  cost  of  the 
ruthenium  metal  complexes  and  complicated  synthesis  process 
limit  their  large  scale  applications  in  DSSCs.  For  these  reasons, 
metal-free  organic  dye  sensitizers  such  as  squaraine  [12],  indoline 
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[13],  carbazole  [14],  triarylamine  [15,16],  tetrahydroquinoline  [17], 
coumarin  [18],  fluorine  ,  phthalocyanins  and  porphyrins 

[22-25]  that  can  be  less  expensive,  have  been  under  rapid  devel¬ 
opment  and  used  in  DSSCs  as  appropriate  photosensitizer.  The 
significant  structural  diversity  of  organic  molecules  allows  to 
designing  dyes  with  broad  and  strong  absorption  across  the  visible 
and  near  infrared  regions  and  high  absorption  coefficients.  But,  a 
major  problem  for  many  organic  dyes  is  dye  aggregation  on  the 
semiconductor  surface  that  reduces  conversion  efficiency  in  DSSCs. 
Among  the  organic  dyes,  triphenylamine  and  its  derivatives  have 
become  promising  candidates  used  as  well-known  compounds  in 
DSSCs,  because  the  triphenylamine  molecule  has  a  non-coplanar 
structure  and  can  act  as  excellent  electron  donating  [26-29], 
However,  triphenylamine  sensitizers  will  require  multistep  syn¬ 
thesis,  but,  experimental  and  theoretical  studies  have  demonstrated 
that  the  steric  properties  of  triphenylamine  unit  may  prevent 


M.  Afrooz,  H.  Dehghani  /  Journal  of  Power  Sources  262  (2014)  140-146 


unfavorable  dye  aggregation  on  the  TiCh  surface.  In  addition  to  the 
modification  of  sensitizers,  addition  of  the  additives  in  liquid  elec¬ 
trolytes  is  a  convenient  way  to  improve  photovoltaic  performance 
[30,31  ].  The  adsorption  of  additives  on  the  photoanode  surface  have 
been  found  to  exert  influences  on  many  parameters  and  important 
processes  in  a  cell,  such  as  semiconductor  surface  charge,  the  con¬ 
duction  band  edge,  electron  injection  and  electron  recombination 
kinetics  that  due  to  formation  of  an  insulating  layer  on  electrode 
surface.  This  layer  elevates  the  conduction  band  (CB)  of  semi¬ 
conductor  and  represses  electron  recombination.  For  the  first  time, 
in  1993, 4-tert-butylpyridine  (TBP)  was  employed  as  an  additive  in 
iodide/triiodide  electrolyte  and  was  observed  a  significant 
improvement  of  the  open  circuit  voltage  (Voc)  [32],  Increasing  of  the 
Voc  could  be  ascribed  to  a  combined  effect  of  the  high  electron 
density  in  the  CB  of  Ti02  and  the  slower  electron  recombination  rate 
that  leads  to  shift  of  Fermi  level  (Ef)  inTiC>2.  With  this  consideration, 
a  great  deal  of  efforts  have  been  devoted  to  apply  many  compounds 
or  cations  as  an  additive  for  optimization  or  development  the  io¬ 
dide/triiodide  system  such  as  N-alkylbenzimidazoles  [33],  pyridine 
analogs  [34],  lithium  [35]  and  guanidinium  [36]  ions. 

Recently,  Dai  et  al.  introduced  an  impressive  phosphate  additive 
for  iodine  electrolyte  to  modify  the  dyed-Ti02/electrolyte  interface 
and  a  major  improvement  in  cell  performance  was  obtained 
compared  to  the  standard  electrolyte  [37],  The  efficiency  of  9.50% 
was  obtained  for  optimum  device  by  soaking  in  N719  for  12  h  after 
applying  tributyl  phosphate  (TBPP)  as  additive  in  the  iodine  elec¬ 
trolyte.  This  value  is  higher  than  the  cell  in  which  standard  iodine 
electrolyte  is  used  (6.74%).  Interaction  between  additives  and  TiCh 
surface  is  not  clear  completely,  so,  it  is  very  important  to  under¬ 
stand  the  effect  of  this  interaction  on  the  electron  injection  yield, 
electron  diffusion  coefficient  and  transport  and  recombination 
processes  in  improvement  the  performance  of  DSSCs.  Herein,  this 
finding  encouraged  us  to  apply  this  additive  with  2-cyano-3-(4- 
(diphenylamino)phenyl)acrylic  acid  (TPA)  dye  and  study  their 
precise  action  on  the  cell  parameters.  First,  we  synthesized  TPA  and 
used  it  as  sensitizer  in  our  devices.  Modified  electrolyte  consisting 
of  the  iodide/triiodide  electrolyte  with  TBPP  additive  was  applied  in 
the  cells.  Furthermore,  the  influence  of  different  concentrations  of 
the  additive  on  the  cell  performance  was  studied.  When  the  con¬ 
centration  of  TBPP  in  the  electrolyte  was  increased  to  1  M,  a  35% 
energy  conversion  efficiency  increment  was  exhibited.  The  results 
of  this  study  can  be  help  to  develop  a  simple  and  effective  method 
to  improve  Voc,  short  circuit  current  ( ]sc )  and  t]  in  the  DSSCs.  Iodide/ 
triiodide  redox  couple  has  studied  as  common  electrolyte  in  most 
of  DSSCs,  so,  modified  electrolyte  by  new  compounds  prove  low 
cost  method  for  commercial  that  can  be  used  in  large  scale. 

2.  Experimental 

2.1.  Materials  and  instrumentation 

All  chemical  materials  and  solvents  used  for  synthesis  were 
purchased  from  Merck  and  Sigma— Aldrich  Companies.  For  prepa¬ 
ration  of  dry  acetonitrile  in  the  electrolytes  it  was  kept  over  4  A 
molecular  sieves  for  24  h. 


’H  NMR  spectrum  were  recorded  (DMSO-dg)  on  Bruker  DPX- 
400  MHz  NMR  spectrometer.  UV— visible  absorption  spectrum  of 
the  dye  solution  was  obtained  with  a  GBC  cintra  6  UV-visible 
spectrophotometer.  The  FT-IR  spectrum  was  recorded  by  using  a 
Magna  550  Nicolet  spectrometer  using  KBr  pellets. 

2.2.  Synthesis  of  TPA  dye 

(4-Diphenyl  amino)benzaldehyde  was  synthesized  according  to 
the  literature  [15,38].  (4-Diphenyl  amino  )benzaldehyde 
(0.74  mmol,  205  mg)  was  dissolved  in  15  mL  of  acetonirile  in  a 
three-necked  flask.  Cyano-acetic  acid  (1.49  mmol,  127  mg)  and  a 
few  drops  of  piperidine  (1.12  mmol,  95  mg)  as  catalyst  was  placed 
in  flask  and  heated  under  reflux  for  12  h  at  argon  atmosphere  and 
the  reaction  was  followed  by  TLC.  After  completion  of  the  reaction, 
the  mixture  was  cooled  down  to  room  temperature  and  the  solvent 
is  removed  by  rotary  evaporation.  The  residue  was  extracted  with 
dichloromethane  and  0.1  M  HC1  solution.  Organic  phase  was  puri¬ 
fied  by  silicagel  column  chromatography  with  dichloromethane/ 
methanol  (6:1,  v:v)  as  eluent  to  afford  the  dye  TPA  as  a  deep  yellow 
solid,  146  mg  (yield  71%),  Scheme  1. 

UV-vis  (THF),  7m,,x  (nm):  296, 416,  836;  IR  (KBr),  v  (cm"1):  3443 
(v0-h,  s),  2214  (vc= n.  s),  1619  (1-0=0,  s),  1585  fyc=c,  s),  1496  (vc=c, 
s),  1184  (vC-o,  S),  756  (s),  698  (s),  621  (s);  ’H  NMR  (DMSO-d6), 
5  (ppm);  7.87  (1H,  s,  -CH=),  7.59  (2H,  d,  Ar-H),  7.39  (4H,  t,  Ar-H), 
7.14  (6H,  m,  Ar-H),  6.88  (2H,  d,  Ar-H). 

2.3.  Fabrication  of  photovoltaic  devices 

To  prepare  transparent  working  electrodes,  the  fluorine  doped 
tin  oxide  coated  glass  substrates  (FTO)  (Solaronix  TEC  Glass-TEC 
8,  solar  2.3  mm  thickness)  were  first  cleaned  with  deionized 
water,  acetone  and  ethanol  in  an  ultrasonic  bath.  A  standard  Ti02 
(P25,  Degussa,  Germany)  paste  was  prepared  following  proce¬ 
dure.  Briefly,  1  g  of  Ti02  was  mixed  by  0.2  mL  of  acetic  acid  and 
grind  in  a  mortar  for  5  min.  2  mL  of  water  and  10  mL  of  ethanol 
were  added  into  the  mixture  and  were  dispersed  with  an  ultra¬ 
sonic  horn  for  15  min,  followed  by  stirring  for  30  min  to  form  a 
slurry  solution  mixture.  Then,  2  g  of  terpineol  and  0.5  mL  of  ethyl 
cellulose  solution  (10  wt%  solution  in  ethanol)  were  added  into 
the  Ti02  suspension  and  followed  by  sonication  for  15  min.  The 
mixture  was  stirred  and  was  concentrated  by  evaporation  of  the 
ethanol  at  room  temperature  to  form  a  viscous  TiC>2  paste.  The 
FTO  plates  were  soaked  in  40  mM  aqueous  TiCfy  solution  at  70  °C 
for  30  min  and  washed  with  water  and  dried  in  air.  For  obtain  a 
double-layer  Ti02  photoelectrode,  the  Ti02  paste  was  deposited 
onto  the  FTO  plates  by  doctor  blade  method  and  then  was  dried 
at  120  °C  for  5  min.  The  coated  bilayer  films  were  gradually 
heated  to  500  °C  and  were  calcined  for  15  min.  Subsequently,  for 
surface  modification,  the  electrodes  were  immersed  into  the  TiCl4 
aqueous  as  described  previously  and  then  were  calcined  at  500  °C 
for  15  min.  After  cooling  to  80  °C,  the  film  was  put  into  the  dye 
solution  (0.3  mM  of  dye  in  THF)  and  maintained  for  2  h  at  room 
temperature.  For  preparing  of  counter  electrodes,  a  thin  layer  of 
Pt  was  deposited  onto  the  FTO  glass  by  thermal  decomposition  of 


Scheme  1.  (a)  POCl3,  DMF,  1,2-dichloroethane,  reflux,  8  h  [15,38]  (b)  2-cyanoacetic  acid,  piperidine,  acetonitrile,  reflux,  12  h. 
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a  drop  of  H2PtCl6  solution  (2  mg  of  Pt  in  1  mL  of  ethanol).  The 
working  and  counter  electrodes  were  assembled  into  a  sandwich 
configuration  using  a  30  pm  surlyn  spacer  (Dyesol,  Australia).  The 
modified  electrolytes  containing  0.1  M  Lil,  0.05  M  I2,  0.5  M  TBP, 
0.6  M  1  -butyl-2, 3-dimethylimidazolium  iodide  (BDMII)  and 
different  concentrations  of  TBPP  in  dry  acetonitrile,  were  placed 
on  the  hole  in  the  counter  electrode  via  capillary  action.  Finally, 
the  devices  were  sealed  by  a  piece  of  surlyn  film  and  a  coverslip 
(0.1  mm  thickness). 

2.4.  Photovoltaic  and  electrical  impedance  measurement 

Cyclic  voltammetry  (CV)  was  used  to  study  the  electrochemical 
properties  of  the  electrolytes.  The  CV  spectra  were  obtained  with  a 
Sama  500  potentiostat  (Isfahan,  Iran)  using  0.1  M  lithium 
perchlorate  trihydrate  in  acetonitrile  as  a  supporting  electrolyte.  An 
Ag/AgCl/KCl(sat.)  as  a  reference  electrode,  a  glassy  carbon  working 
electrode  (2  mm  diameter)  and  platinum  wire  counter  electrode 
were  employed.  The  thickness  of  the  transparent  mesoporous  Ti02 
layer  was  determined  using  surface  profilometer.  The  electro¬ 
chemical  impedance  spectroscopy  (EIS)  measurements  of  the  cells 
were  achieved  under  AM  1.5  G  simulated  light  (Luzchem)  using 
potantiostat/galvanostat  (PGSTAT  100,  Autolab,  Eco-Chemie),  at  an 
AC  amplitude  of  5  mV  within  the  frequency  range  from  0.01  Hz  to 
100  kHz  in  the  dark.  The  photocurrent— voltage  (I—V)  characteris¬ 
tics  of  the  cells  were  measured  using  a  Keithley  model  2400  digital 
source  meter  (Keithley,  USA).  The  obtained  spectra  from  the  EIS 
measurements  were  fitted  by  Z-view  software  (v2.9c,  Scribner 
Associates  Inc.).  In  our  study,  we  repeated  the  processes  of  the 
prepared  cells  for  several  times  until  avoid  errors  in  the  results. 

3.  Results  and  discussion 

3.1.  Spectral  and  electrochemical  properties  of  dye 

In  many  investigations  the  analytical  and  spectroscopic  data 
were  proved  that  the  cyanoacrylic  acid  anchoring  group  in  the 
photosensitizer  have  a  strongly  bind  onto  the  semiconductor  sur¬ 
face.  Also,  the  dyes  with  this  group  have  suitable  excited  and 
ground  state  energy  levels  to  matching  with  electrolyte  potential 
and  the  EF  of  the  semiconductor  [39,40],  On  the  other  hand,  the 
self-association  or  aggregation  of  dye  molecules  in  solution  or  on 
the  semiconductor  surface  decreases  Jsc  in  the  DSSC.  If  the  aggre¬ 
gation  of  dye  be  substantial  on  the  Ti02  surface,  a  shift  may  be 
observed  in  spectral  band  position  in  the  absorption,  reflectance, 
transmittance  or  emission  spectrum  of  a  molecule  to  a  longer  or 
shorter  wavelength.  The  desirable  electronic  and  steric  properties 
of  triphenylamine  dyes  caused  to  prevent  dye  aggregation  on  the 
anode  surface.  The  UV— vis  absorption  of  TPA  dye  in  solution  and  on 
anode  films  with  use  no  additive  in  the  dye  solution  displayed  a 
little  red  shift  on  the  surface  which  can  be  ascribed  to  the  formation 
of  a  little  J-type  aggregate  and  interaction  of  the  anchoring  group 
with  the  Ti02  surface  that  has  negligible  effect  on  the  cell  perfor¬ 
mance  [41  ].  According  to  the  UV— vis  spectra,  this  dye  exhibits  two 
major  broad  bands,  appearing  at  ca.  416  nm  and  ca.  296  nm.  The 
strong  absorption  band  around  416  nm  can  be  corresponded  to 
HOMO  to  LUMO  transitions  (an  intramolecular  charge  transfer  (ICT) 
between  the  triphenylamine  donor  and  the  acceptor  end  group), 
while  the  absorption  band  in  the  UV  region  in  the  296  nm  was 
assigned  to  a  7t— 7t*  transition. 

To  investigate  the  process  of  electron  transfer  at  the  device,  the 
HOMO  and  LUMO  energy  levels  of  the  dye  were  estimated  by  using 
CV  [41  ].  To  complete  the  electron  injection  into  the  CB  of  Ti02  from 
the  excited  dye  molecule,  the  value  of  Eox  -  Eq  q  must  be  suffi¬ 
ciently  negative  than  Ecb  in  the  Ti02.  The  LUMO  level  of  the  TPA  dye 


Table  1 

Absorption,  emission,  and  electrochemical  properties  of  TPA  dye  [41  ]. 

Dye  Amaxtabsf  AmaxCem)'1  Eoxb  Xmaxon  E0-o  Eox-E0-0 

[nm]  [nm[  [V  vs.  NHE]  Ti02  [nm]  abs/em  [V]  [Vvs.  NHE] 

TPA  381  515  1.33  405  2.63  -1.30 

a  Absorption  and  emission  spectra  of  dye  in  CH3CN  (2  x  10  5  M)  at  room 
temperature. 

b  The  oxidation  potential  of  the  dye  was  measured  in  condition  that  was 
described  in  Section  2.4. 


Table  2 

Solar  cell  performance  parameters  obtained  using  the  phosphate  additive  under  AM 
1.5  (100  mW  cm"2)  illumination  with  an  active  area  of  0.20  cm2. 

Concentration  Jsc  [mA  cm"2]  Voc[V]  FF  jj  [%] 

of TBPP (M) 


0 

0.05 

0.5 


5.28 

5.42 

6.35 

6.38 

5.56 


0.72  0.591  2.24 

0.73  0.600  2.37 

0.74  0.582  2.74 

0.82  0.580  3.03 

0.78  0.578  2.51 


was  measured  by  Eox  -  Eo-o.  in  which  Eq  q  was  determined  by  the 
absorption  thresholds  from  spectrum  of  dye  adsorbed  on  the  Ti02 
film.  The  ground  state  oxidation  potential  of  TPA  (corresponding  to 
the  HOMO  level)  is  1.33  V  vs.  NHE.  Electrochemical  data  for  the  TPA 
dye  that  has  been  obtained  from  reference  41  are  summarized  in 
Table  1. 

3.2.  Photovoltaic  performance  and  electrical  impedance  analysis 

During  the  course  of  our  study,  to  optimize  the  concentration  of 
TBPP  additive  in  the  electrolyte  solution,  five  electrolytes  are 
developed  for  DSSCs  and  are  containing  0.1  M  Lil,  0.05  M 12,  0.5  M 
TBP,  0.6  M  BDMII  with  different  concentrations  ofTBPP  (0, 0.05,  0.5, 
1  and  2  M).  The  photovoltaic  parameters  of  the  DSSCs  employing 
the  TPA  sensitizer,  about  14  pm  thin  transparent  nanoporous  Ti02 
(P25)  film,  and  the  redox  electrolytes  under  simulated  sunlight  at 
100  mW  cm-2  are  compared  in  Table  2  and  so  the  photocurrent 
density-voltage  fJ-V)  curves  are  shown  in  Fig.  1.  Interestingly,  the 
data  for  all  concentrations  of  additive  in  the  iodide/triiodide  elec¬ 
trolyte  indicates  an  increase  in  short  circuit  current  density  and  the 
open  circuit  voltage  in  comparison  with  the  standard  electrolyte 
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(Fig.  2a  and  b),  while  for  FF  there  are  very  small  differences  be¬ 
tween  all  devices  (Fig.  2c). 

The  values  for  the  Jsc,  Voc  and  fill  factor  (FF)  of  the  DSSCs  based 
on  electrolyte  with  0.05  M  of  TBPP  additive  were  5.42  mA  cm-2, 
0.73  V  and  0.600,  respectively,  yielding  a  conversion  efficiency  (i/) 
of  237%.  Overall,  among  the  different  concentrations  of  TBPP  ad¬ 
ditive  in  the  redox  mediators  is  obtained  the  best  energy  con¬ 
version  efficiency  of  3.03%  that  is  achieved  for  1  M  of  TBPP  and  is 
the  highest  reported  for  DSSCs  constructed  with  our  modified 
electrolyte  based  on  TPA  dye.  In  this  concentration  of  additive,  we 
observed  a  14%  increase  in  Voc  along  with  a  21%  increase  in  Jsc  that 
were  explainable  for  the  obtained  efficiency  increase  from  2.24% 
(no  additive)  to  3.03%.  This  cell  yielded  an  improvement  of  an 
additional  35%  in  efficiency  (3.03%).  Flowever,  the  electrolyte 
containing  2  M  of  TBPP  exhibits  a  decrease  in  efficiency  (2.51%  in 
comparison  with  efficiency  3.03%  for  cell  with  the  electrolyte 
containing  1  M  of  TBPP).  The  more  concentration  of  the  additive  in 
this  device  leads  to  decrease  the  concentration  of  the  other 
components  which  causes  to  decrease  in  the  electron  transfer 
because  we  have  prepared  all  electrolytes  in  the  same  volume  and 
the  more  concentration  of  the  additive  (2  M)  leads  to  decrease  in 
the  concentration  of  the  redox  species  (r/Ij)  which  causes  to 
decrease  in  the  electron  transfer.  This  effect  is  revealed  in 
decreasing  Jsc  value. 

In  this  study,  when  we  apply  the  TBPP  as  additive,  an  increase 
in  both  Jsc  and  Voc  is  observed  for  modified  electrolytes  that  lead 
to  a  remarkable  enhancement  in  the  power  conversion  efficiency. 
Fig.  2a  shows  a  significant  increase  in  cell  voltages  for  all  con¬ 
centrations.  Scheme  2  shows  that  the  improvement  of  Voc  is 
ascribed  to  a  shift  of  the  Ep  of  TiC>2  in  the  presence  of  TBPP 
molecules.  So,  an  enlarged  energy  difference  between  of  the  CB  of 
Ti02  and  the  redox  potential  electrolyte  is  observed.  The  higher 
Jsc  in  devices  with  modified  electrolyte  in  comparison  with 
standard  electrolyte  is  due  to  the  adsorption  of  TBPP  on  the  TiC>2 


Tio2  Dye  Electrolyte 

LUMP 


CB 


Scheme  2.  Simple  energy  level  diagram  for  DSSCs.  The  electron  recombination  pro¬ 
cesses  are  indicated  by  a  and  b  arrows.  The  potentials  for  DSSCs  based  on  the  Ti02,  TPA 
dye  and  the  iodide/triiodide  redox  couples  are  shown. 


surface  that  results  in  the  suppression  of  electron  recombination 
from  the  CB  of  TiC>2  to  the  triiodide  ions  in  the  electrolyte 
(Fig.  2b). 

Two  possible  resonance  structures  for  TBPP  molecule  have 
been  shown  in  Fig.  3.  The  Tt-bond  of  the  phosphoryl  group 
breaks  and  its  electron  pair  moves  into  the  oxygen.  This  leads  to 
the  negative  charge  on  the  oxygen  where  it  is  electron  donor  to 


Fig.  2.  Dependence  of  DSSC  parameters  on  the  TBPP  ( 
conversion  efficiency  (rj). 


:  in  the  electrolyte:  (a)  open  circuit  voltage  (Voc);  (b) ! 


circuit  current  (Jsc);  (c)  fill  factor  (FF);  (d)  energy 
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Fig.  3.  Resonance  structures  of  tributyl  phosphate  molecule. 


Ti02.  As  this  7t  bond  is  broken,  a  positive  charge  places  on 
phosphorus  atom  in  the  phosphate  group  (Form  II).  Adsorption 
of  TBPP  on  the  TiCh  surface  is  caused  interaction  between  the 
lone  electron  pair  of  oxygen  in  phosphate  molecule  and  titanium 
(IV)  which  is  a  Lewis  acid  (Fig.  4)  [37],  So,  a  shift  for  the  Ep  in  the 
Ti02  occurs  that  arises  from  accumulation  of  electrons  in  the  CB 
(Scheme  2). 

The  influence  of  additives  on  the  Ep  of  Ti02  and  the  potential  of 
redox  couple  in  the  electrolyte  can  be  study  by  ESI  and  CV  mea¬ 
surements,  respectively  [42-44],  To  elucidate  the  interfacial  charge 
transfer  processes  in  the  devices,  it  is  necessary  to  investigate 
electrochemical  properties  by  EIS  [45—48],  Fig.  5  demonstrates 
typical  Nyquist  plots  of  the  DSSCs  with  standard  electrolyte  and 
modified  electrolyte  with  TBPP  in  1  M  concentration.  With 
increasing  frequency,  two  semicircles  are  observed  in  the  Nyquist 
plots.  The  first  (smaller)  semicircle  is  attributed  to  the  charge 
transfer  resistance  between  redox  ions  and  platinum  counter 
electrode  (Rce).  In  the  middle  frequency  region,  second  (larger) 
semicircle  reflecting  the  charge  transfer  resistance  at  the  dyed- 
TiC>2/electrolyte  interface  that  is  related  to  charge  recombination 
process  (Rct)  and  can  be  expressed  by  Eq.  (1)  [45,49]: 

Rcr  =  Ro  exp  [  -  =  R0  exP  [  -  ^  (BP  -  £redox)]  (1 ) 

here,  Ro  is  a  constant;  also  is  a  constant  that  is  called  transfer 
coefficient.  The  kB  and  T  represent  the  Boltzmann  constant  and 
absolute  temperature.  Ep  is  the  Fermi  level  in  CB  of  the  TiC>2  semi¬ 
conductor  and  Eredox  is  the  energy  of  the  iodide/triiodide  redox 
couple  in  the  electrolyte. 

To  further  analyze  the  mechanism  of  TBPP  additive,  the 
impedance  spectra  of  the  device  with  the  best  energy  conversion 
efficiency  and  reference  cell  were  fitted  to  a  simplified  version  of 
the  equivalent  circuit  (Fig.  5).  The  some  important  parameters  of 
the  working  electrodes  in  two  devices  were  determined  from  the 
second  semicircles  in  Fig.  5  that  the  results  have  been  summarized 
in  Table  3.  The  effective  diffusion  coefficient  of  electrons  (Deff)  can 
be  determined  by  Eq.  (2): 

Deff  =  [§]i2keff  (2) 

where  L  is  film  thickness  and  ke ff  is  the  reaction  rate  constant  for  the 
electron  recombination  with  triiodide.  keff  is  obtained  by  the 
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Fig.  5.  Electrochemical  impedance  spectra  for  devices  with  standard  and  modified 
electrolytes  (the  inset  shows  equivalent  circuit  for  EIS). 


electron  lifetime  (t)  and  angular  frequency  (wmax)  at  the  second 
(larger)  semicircles  in  the  Nyquist  plots  of  the  DSSCs  (Eqs.  (3)  and 
(4))  [45]: 


*  =  —  (3) 

keff  =  ]  (4) 

For  the  Rce  at  the  counter  electrode/electrolyte  interface,  there  is 
small  difference  between  two  devices.  This  result  shows  that  the 
addition  of  TBPP  do  not  make  the  over  potential  at  the  counter 
electrode. 

Notably,  the  fitted  value  of  Rcr  for  cell  with  modified  electrolyte 
is  found  ~  27  Q  cm2,  while  the  corresponding  value  for  device  with 
standard  electrolyte  is  ~  9  Q  cm2.  This  significant  increase  in  Rcr 
shows  that  the  addition  of  TBPP  is  more  favorable  to  suppress  the 
charge  recombination  process  (b  arrows  in  Scheme  2)  that  arises 
from  electrons  in  TiC>2  film  with  triiodide  in  electrolyte  solution  and 
leads  to  increase  Jsc  [37],  On  the  other  hand,  the  adsorption  of  TBPP 
on  the  Ti02  surface  causes  to  increase  in  electron  density  in  CB  of 
Ti02.  The  oxygen  atom  in  phosphoryl  group  acts  as  an  electron 
donor  when  it  bonded  with  titanium  (IV)  in  the  surface  for  for¬ 
mation  of  P-O-Ti  bond.  The  combined  effects  of  decreased  charge 
recombination  and  forming  the  P— 0— Ti  bond  lead  to  accumulation 
of  electrons  in  the  TiCh.  Also  CPE1  is  attributed  to  the  chemical 
capacitances  at  the  dyed-TiC>2/electrolyte  interface  [45],  so,  the 
higher  CPE1  of  the  cell  with  TBPP  additive  arises  from  the  accu¬ 
mulation  of  electrons  (negative  charge)  in  the  TiCh  film  and  the 
positive  charge  in  the  phosphate  group  (Figs.  4  and  5).  In  the  cell 
based  on  modified  electrolyte,  the  middle-frequency  peak  in  the 
Nyquist  plot  shifts  to  lower  frequency  relative  to  standard  elec¬ 
trolyte,  exhibiting  a  longer  electron  lifetime  for  this  electrolyte.  This 


Fig.  4.  Interaction  between  the  lone  electron  pair  of  oxygen  in  phosphate  molecule  and  titanium  (IV)  in  the  Ti02. 
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by  fitting  the  impedance  spectra  of  DSSCs 


Sample 

kstI 

(s-1) 

Rcr 

(O  cm2) 

Deir 

(cm2*-1) 

Ra¬ 

toon2) 

T(S) 

(cm  3) 

Standard 

10 

9 

2.23E-04 

0.58 

0.10 

1.69E+19 

TBPP  (1  M) 

2.8 

26.8 

1.13E-04 

0.95 

0.36 

2.05E+19 

light  on  the  future  for  designing  simplified  electrolyte  systems 
using  a  variety  of  additives  with  different  electron  donor  groups 
and  have  us  a  new  perspective  to  enhance  the  efficiency  for 
DSSCs  by  introducing  a  novel  molecular  adsorption  mode  on  the 
semiconductors. 

Acknowledgments 


1  shift  in  the  EF  of  Ti02  and  the 
le  (Scheme  2). 

d  to  extract  the  potential 
:e  and  in  the  presence  of 
:e  (Fig.  6).  The  CV  curves  of  the 
iodide/triiodide  redox  system  show  that  adding  the  TBPP  additive 
has  no  effect  on  the  potential  of  redox  couple  (in  region  from  0.4  to 
0.8  V).  It  indicates  that  TBPP  additive  has  not  any  interaction  with 
iodide  and  triiodide  ions  while  the  obtained  results  from  EIS  data 
prove  existence  of  the  interaction  between  the  TBPP  additive  and 
Ti02  surface  (Fig.  4). 

Finally,  this  means  that  TBPP  additive  could  modify  the  Ti02/ 
electrolyte  interface  to  reduce  charge  recombination  from  the  CB  of 
Ti02  to  the  electrolyte  ions  and  increase  electron  density  in  the  CB 
of  Ti02,  which  result  in  the  higher  Voc  and  Jsc,  respectively,  as  well  as 
the  superior  conversion  efficiency. 


4.  Conclusions 

To  sum  up,  this  study  was  performed  on  modified  redox 
mediator  systems  in  DSSCs  to  achieve  the  remarkable  enhance¬ 
ment  of  cell  performance.  Using  different  concentrations  of  TBPP 
leads  to  a  large  increase  of  Voc  that  has  been  attributed  to  the 
suppressed  electron  recombination  in  the  dyed-Ti02/electrolyte 
interface  and  in  result  an  overall  power  conversion  efficiency  from 
2.24%  to  3.03%.  The  highest  rj  was  obtained  for  the  DSSC  based  on 
the  electrolyte  for  optimum  concentration  and  electrical  imped¬ 
ance  analysis  revealed  a  large  Rcr  for  this  device  that  showed  a 
decrease  in  charge  recombination.  Also,  surface  treatment  of  TBPP 
molecules  with  TPA-sensitized  titania  films  improved  Jsc  that  rose 
of  electron  donor  property  of  phosphoryl  group  in  TBPP  and 
accumulation  of  electrons  in  the  CB  of  Ti02.  This  discovery  shed 
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